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ABSTRACT
This work investigates an electric discharge operating in a
turbulent flowing gas. Electric-discharge convection lasers are driven
by such a discharge and any limit on discharge power will be a limit on
the laser output. It has been observed that turbulence tends to allow
more power to be applied but the exact mechanisms involved are not
fully understood. To examine this phenomenon an air flow apparatus
was fabricated that allowed control of flow rate, turbulence level, and
discharge power. Turbulence data were taken with a hot-wire connected
to a spectral analyzer. Discharge power consumption and breakdown
voltage were recorded as a function of flow rate and turbulence spec-
trum. Results showed that with even a small flow rate discharge,
current was raised by about a factor of two, with turbulence by about
a factor of four; and with a large flow rate (100 m/sec) and strong
turbulence, by about a factor of 100. Power at this last condition
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I. INTRODUCTION
The advent of powerful electric-discharge convection lasers (or
electro-aerodynamic lasers) has brought about an interest in the
dynamics of the gas flow through such devices. The principle of
operation of the laser is the transfer of electric power, through a
glow discharge, to the vibrational states of nitrogen. This power
excites the nitrogen to a higher vibrational temperature and, by
collisions, the nitrogen in turn excites or pumps the CO upper lasing
level. Any power limit of the discharge thus becomes a power limit
of the laser output. As the voltage is increased beyond a critical value,
the glow discharge, becomes unstable, current fluctuates wildly, and
arcs form eliminating the glow discharge. This critical point is a
function of the electrode material and geometry, the gas composition,
the partial pressures of the gas mixture [4], and the flow turbulence.
Since CW operation is desired, it is of interest to raise the arcing
voltage to as high a value as possible and to stabilize the current
fluctuations. The physics of the lasing process dictate the gas mixture
and to some extent the geometry and partial pressures of the con-
stituents. Thus flow conditioning in the form of increased mass flow
rates and of turbulence is left as a means of improving the laser
output.

Flow conditioning can be broken into two areas, convection and
turbulence. Convection removes byproducts that are poisonous to the
lasing process. It also removes heat from the electrodes and the
discharge cavity. The effects of turbulence are not as well understood,
Turbulence is known to extend the breakdown voltage and to stabilize
the discharge [2, 6]. It also breaks-up flow discontinuities caused by
the introduction of the electrodes in the flowing gas mixture (i. e. , it
makes the flow more homogeneous).
The study of the dynamics of turbulent flow is a proper field of
research by itself. At a given point in a turbulent flow, both velocity
and pressure are varying rapidly. This variation is random and can
be represented by the sum of a mean term and a fluctuating term.
The fluctuating term is defined such that its time average is zero.
If this velocity sum is inserted into the Navier-Stokes equations, the
resulting equations of motion are similar to those for laminar flow
but with extra terms. These extra terms arise from the turbulent
fluctuations and are known as apparent, or virtual stresses of
turbulent flow (the Reynolds stresses). As long as the relation
between the mean and the turbulent components is unknown, the equa-
tions of motion cannot be evaluated. This leaves empirical solutions
as the best means of analysis.
The concept of an eddy is a useful one in dealing with turbulence.
An eddy represents a portion of the fluid that has its own motion.

They are sometimes called "turbulence balls". The maximum possible
eddy size is a function of the characteristic size of the flow, such as
channel width. Large eddies break up into smaller eddies (cascading).
Eventually the eddy size is reduced to the point where viscous effects
dissipate them rapidly. Here the Reynolds number based on eddy
size is at or below one.
The technique chosen for this work, to study turbulence, is
spectral analysis. Spectral analysis uses the distribution of the root
mean square of the turbulent energy as a function of frequency to
characterize the flow. The density of the spectral distribution may
or may not be normalized. With proper equipment, the distribution
is not difficult to get experimentally.
The measurement of turbulent flow requires a device with a
very rapid response time. The device most commonly used is the
hot-wire anemometer. This device functions by inserting a very thin
electrically heated wire into the flow. The heat transfer rate of this
wire will be a function of the flow velocity. For this work, a constant
temperature hot-wire anemometer was chosen for its vastly faster
response. The output of the hot-wire, fed through a spectral analyzer,
provides the spectral distribution.
The purpose of this work is to investigate the relation between
the flow characteristics and the maximum power accepted by a glow
discharge operating in such a flow. With sufficient experimental

information of this kind, it is hoped that a model can be formed that
will allow the prediction of the discharge characteristics in other flows.
This is the beginning of a more comprehensive project which will lead
to the CW operation of electric lasers at near atmospheric pressure.
The work has been divided into stages, the. first of which is the study
of electric discharges in flowing atmospheric air.
The working gas chosen for this work was air because this allowed
a more careful study of the effects of turbulence on the discharge.
While the presence of impurities and of moisture in the air complicate
the work, any firm conclusions derived from this work are expected
to apply to the normal lasing gas mixture.
Perhaps it is appropriate to restate here that the development
of a good discharge for a laser appears to be more of a challenge than
the effort required to make a pumped medium lase. At ambient
pressures there are a lot of molecules to pump but it is difficult to
get a discharge going. About the only thing available is a corona dis-
charge which occursbetween a pointed and a smooth electrode. The
corona starts when an inception voltage is reached and ends when the
gas breaks down into an arc. The current is limited by the mobility
of the ions, typically to a few microamps, and is affected somewhat
by the flow velocity. The non-uniform electric fields required for
corona discharge generally increase with gas pressure or density but




The test apparatus was designed for flow speeds around 100 m/sec
and variable test section turbulence (Figure 1). Ambient air was
supplied by a Carrier three-stage Centrifugal Compressor (Figure 2)
3
with a 4000 ft /min maximum inlet capacity and a maximum pressure
ratio of two. Flow was regulated by a bypass valve venting the main
plenum to the atmosphere (Figure 3).
The test section was fabricated of 0. 62 cm thick Plexiglas
(Figure 1). Plexiglas was chosen for its high dielectric properties,
ease of fabrication, and transparency. The electrodes were made of
aluminum in a configuration common to many electric-discharge lasers
[3] (Figure 4). Originally a.n electrode separation of 5 . 9 cm was
chosen, but because of power supply limitations it was shortened to
3. 9 cm. Also the walls of the test section were slotted to minimize a
voltage leakage through the film of moisture that tends to collect on
the walls. Hot-wire checks of the boxmdary layers showed them to
be well clear of the pins. Turbulence was introduced by inserting one
or more screens upstream of the test section. These screens were
mounted in Plexiglas frames and the frames in turn formed a portion
of the tunnel. The screens were made of brass, nylon, or phenolic.
A pitot tube was used to measure the test section velocity. Baro-
metric pressure was measured with a mercury barometer. Relative
11

humidity and temperature were measured with a Pacific Scientific
Company Model 400 Relative Humidity and Temperature Indicator.
Turbulence measurements were made with a Thermo System
Inc. hot-wire anemometer (Figure 5). This consists of a 1051-2
monitor and power supply, a 1054A-30 anemometer module(s), and
1058-6 cabinet. The hot-wire probes were manufactured locally.
The output of the hot-wire was connected to a General Radio Company,
Type 1921, real time analyzer (Figure 6). The 1921 analyzer consists
of a 1925, 30 channel multifilter and a 1926 multichannel RMS detector.
The detector processes signals from the multifilter digitally with a
variable integration time and storage capacity. The output is read
directly on Nixie tubes, one channel at a time. A Hewlett-Packard
X_Y Recorder was connected to the detector to provide a rapid graphic
output of the spectrum; the data were also manually recorded. The
hot-wire probe was introduced through holes in the side of the test
section. Entry was also made through the end of the tunnel but this
proved less desirable as many wires were broken in this way. The
transparency of the Plexiglas allowed the operator to place the probe
in areas of interest by vis\xal means, thus saving much traversing
equipment. A Tektronix oscilloscope was connected to the hot-wire




The electric-discharge power was furnished by a Sorensen
High Voltage D. C. power supply (Figure 7). This unit has an output
of up to 30 kV D. C. and 20 ma with a 2% ripple. Trip controls work
on both current and voltage. The high voltage was measured with a
Sensitive Research electrostatic voltmeter with a capability of a
,
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40 kV and an internal impedance of 5 x 10 ohms. Current measure-
ments were made with various microammeters and milliammeters
.
As the magnitude of the current covered many decades, current was
difficult to measure. The most satisfactory method was to connect
a microammeter and a milliammeter in series and short out one when
out of its range.
High voltage connections were made on polished brass balls
approximately 2 inches in diameter. All leads were made of high-
voltage wires. The laboratory has its own grounding system and
great care was taken to ensure proper grounding of all equipment.
When the high voltage power supply was activated, all unnecessary
equipment was secured and electrically isolated.
Figure 8 shows the general laboratory set up. The compressor
and air bleed valves are not shown in this picture but the tunnel and
electronic equipment are visible. Figure 9 shows the hot-wire probe
inserted in the test section. Shot bags help secure the traverse





The procedure was broken down into three phases: design and
fabrication, turbulence measurements, and electric discharge measure,
ments. As work progressed, new information made it necessary to
return to one or more of the previous phases.
The nature of this work required long run times. Because of
this, it was decided to use ambient air as the working gas. As there
was no satisfactory means to dry the air, relative humidities from
10 to 50 percent were encountered during the various runs. These
values were recorded so that humidity effects could be taken into
consideration.
The hot-wire was, at all times, set up for maximum frequency
response. The following procedure was used to achieve this: all
set-up work was done with the probe in the maximum flow velocity
expected for that day's series of runs. The STABILITY control was
set full clockwise and then turned back until the output was stable
with TRIM full counter-clockwise. Then the TRIM control was turned
clockwise until an oscillation occurred, and then turned back slightly
past the position required to stabilize the output. To check stability,
the built-in 1 kHz and 20 kHz signals were temporarily switched in.




Hot-wire probes were manufactured locally. The wires were
made up from .00015 in. diameter tungsten. As a solder joint cannot
be made to tungsten, the wire was copper plated at the solder joints.
A ten-power binocular microscope was required when soldering the
wires to the probes.
Hot-wire measurements were first used to examine the flow
characteristics in the test section. This showed the velocity and the
turbulence spectrum to be reasonably uniform throughout the discharge
portion (Figure 11). It is of interest to notice that introduction of
the hot-wire probe reduced the tunnel cross-sectional area enough to
alter the velocity, very slightly, between the left and right portions
of the profile. Because of the uniformity, subsequent measurements
were taken at the center point only. To check for homogeneity, the
wire was rotated 90 degrees and the spectral output data showed no
significant changes. At this point, turbulence surveys were made
using each screen and various velocities. The no-screen spectrum
was also surveyed.
Next the discharge work began. Current measurements were
initially made with microammeters, but as the work progressed it
became necessary to switch to milliameters. Breakdown of the dis-
charge was considered to occur when an arc formed with the accom-
panying vast increase in current and subsequent power supply shut-off.
15

As the voltage used was as high as 30 kv, great care was taken to
prevent injury.
The RMS detector of the real time analyzer was calibrated
(Figure 12) by the introduction of a known 5 kHz signal. Calibration
was done with the CAL control set at -12 DB and all the attenuators




Spectral measurements of the turbulence (existing) in the test
section were made. Figures 13 through 15 show examples for various
flow configurations. These figures are tracings of the output of the
X-Y plotter. The low frequency spikes are noise from outside of the
system and do not reflect values existing in the flow. Screen (1),
consisting of 20 wires /cm, produced turbulence levels very similar
to the no-screen case but with less turbulence in the low frequency
range and slightly less in the higher frequencies (for the same
velocities). Screen (2), consisting of 7.3 wires/cm, produced
turbulence peaks between 2. 5 kHz and 6. 3 kHz. The last configuration
used consisted of a phenolic plate (4) with a large number of 0. 635 cm
holes mounted with screen (3), which had 7. 3 strands of nylon per cm.
This produced peaks between 1. 25 kHz and 6. 3 kHz but with more
energy in the lower frequencies (i. e.
,
larger eddies). This distribu-
tion was very similar to the no-screen case but was achieved with less
velocity, an important factor.
Turbulence was found to exist under all flow conditions, includ-
ing the no-screen case. This case showed more of the lowest fre-
quency (below 200 Hz) turbulence than any of the screen cases.
Where a screen was mounted, a shift to the higher freqxiencies occur-
red, but at high enough frequencies (above 2.5 kHz) the readings with
and without screen became similar.
17

The maximum of the spectral distribution can be thought of as
the point where the eddy Reynolds number is about one. At this
value, the viscous forces are as important as the convective forces
acting on the eddies. The theory set forth in Reference 1 predicts
that, for a given flow situation, turbulence will first fill out the lower
frequencies. As more turbulence is introduced, the turbulence level
in the lower frequencies will remain constant and the added energy
will cause the peak to shift to higher values (in frequency and in
strength). To summarize, as turbulent energy is added it will cause
r
the higher frequencies of the spectral distribution to fill out. This
pattern was clearly present in the spectral data taken, which closely
resembles the pattern shown in Figure 7. 6 of Reference 1. At very
low velocities the turbulence was (typically) dissipated by 12. 5 kHz
with a peak at 1.25 kHz. At high flow rates the turbulence was far
3
from dissipated at 20 kHz (the limit of the analyzer) and had a peak
at 6. 3 kHz (Figure 14).
When a dimensionless parameter, D, which has the form of a
Reynolds number, and a dimensionless velocity, B, are defined as
D =
y2
and B = X ^
LO V u
the following relation is found to hold
-0. 47
B = CD R < 1
e
Figure 16 shows this effect with various velocities and screens plotted
on one curve. When the value R e = 1 was reached the relation broke
18

down; hence the data are representative of homogeneous turbulence
only.
An order of magnitude analysis was made of the eddy size
present in the flow (see Appendix B). This showed the eddies to be
-4 -2
very small (5 x 10 mm at 8 kHz and 5x10 mm at 200 Hz). The
amount and size of the eddies are important when attempting to under-
stand the effect of turbulence on the electric discharge. As a check
on the accuracy of the analysis, the eddy size at the R =1 point was
e
calculated and compared with the eddy size from the definition of
Reynolds number; the check showed the analysis to compare within
an order of magnitude.
The electric discharge formed a corona when an inception
voltage was reached in the flowing gas (Figure 17). Figure 18 shows
the set-up for the discharge work. The corona started as a small
conical yellow-blue spray emitting from the pins (anodes). As the
voltage was raised slightly this moved to all the pins and became
longer. Eventually the spray joined at about one cm downstream.
At this point the corona was blue violet in color. As the voltage was
raised the corona became more intense but tended to become unstable
and to break down into an arc. A very small corona formed when the
air was not flowing. The onsets of corona breakdown and of arcing
are very close together in still air.
19

Discharge power consumption results are shown in Figure 19.
The no-flow case had a maximum current of about 50 /fa at 23. 5kV.
Typically the maximum voltage for this case was much closer to
22 kV with a current of 30 // a. It is felt the scatter was caused by
changes in humidity which tend to increase the breakdown voltage. [4]
For comparison the following current and voltage data were taken
from runs where the velocity was between 60 and 65 m/sec: with no
screen, the maximum current was on the order of 80 //a at 24. 2 kV,
with screen(2) the maximum current was on the order of 70 //a. at
24.7 kV, and with screens (3) and (4) used together maximum current
was on the order of 300 /t/a at 26 kV. When the velocity was increased
to 72 m/sec and screens (3) and (4) operated together maximum
velocity with this configuration) the current was 9 ma at 26 kV. With
velocity increased to 96 m/sec and using screen (2), the current was
11 ma at 24.5 kV. These runs were made on different days. Note
the power for the no-flow case is about 1. 2 watts, whereas the maxi-
mum power achieved was on the order of 270 watts at the high flow
rates
.
Breakdown voltage also varied with velocity and turbulence, but
not as markedly as power (Figure 20). With no flow, the breakdown
voltage varied between 21.5 kV and 24 kV, with a mean between 22 kV
and 23 kV. With no screen mounted, the flow did not significantly
raise the breakdown voltage; for all velocities it remained between
20

22. 4 kV and 24. 2 kV. With screen (2) mounted it went as high as
26 kV (for 97 m/sec), the mean being above the no flow case. With
screens (3) and (4) mounted together, breakdown rose as high as




The data presented in this thesis confirm that a turbulent flow
does in fact stabilize an electric discharge and allows it to accept
more power. Two effects appear to be taking place: mixing due to
turbulence and convection, convection being the lesser in importance.
Pure laminar flow was not achieved, and thus it is difficult to
separate convective effects from mixing effects. However, when
turbulence was not introduced into the flow by the screens and when
the velocity was below 50m/sec, the mixing effect was considered
to be small. Under these conditions even small flows tended to in-
crease the current by a factor of two over the no flow case. Break-
down voltage, however, did not increase significantly until 50 m/sec
flow velocity was exceeded (Figure 20). At the higher flow rates
turbulence, originating at the plenum, was starting to appear.
Turbulent mixing had a strong effect on both current and break-
down voltage. Examination of Figure 19 shows that current was
raised to as much as 11 ma (here, at times, the capability of the
power supply may have been exceeded). It is felt that the most useful
turbulence is that between 1 kHz and 10 kHz. A further requirement
is that the turbulence must be intense throughout this range. Screens
(3) and (4) mounted together produced such a spectral distribution.
22

With this combination a current of 9 ma was achieved with a velocity
of 60 m/sec. With screen (2) or (3) the spectrum had a peak in the
high frequency range but very little energy in the lower region. With
these screens, velocities of up to 97 m/sec were needed to achieve
currents in the 7-11 ma range. The spark breakdown voltage was
raised by turbulence, at all flow velocities used, by an average of
2 kV. All screens increased the breakdown value (26 kV being the
maximum) but screens (2) or (3) required velocities in the 90 m/sec
range to do this (i. e. , the lack of large eddies shows up as an increased
velocity need). Screens (3) and (4) used together produced this in the
20 m/sec range.
Several other conclusions are made. First, the arcing voltage
increased with relative humidity. This effect was expected [4]; no
attempt was made to adjust the data for it. Second, the turbulence
data follow some of the anticipated trends and this lends confidence
to the work. And, third, metal screens seemed to have no effects




The spectral data proved useful in this work. But it is felt that
their value would be far greater if the analyzer output was taken in
a form suitable for direct computer input (i. e. , magnetic or paper
tape). This would allow rapid calculation of parameters of interest.
Also, this would serve as a permanent record with rapid data retrieval
capability.
It is recommended that the method of introducing turbulence to
the flow be changed. The drawback with screens is the difficulty in
generating large eddies. It is felt that a series of adjustable baffles
used in conjunction with screens could achieve this. The baffles
might be arranged in two rows normal to each other. Also it might
be of interest to arrange the baffles so that their number can be
changed.
A great deal of flow time was consumed while the power supply
was adjusted for the desired voltage. Two other problems occurred
with the power supply: insufficient voltage and power. For these
reasons it is felt that consideration should be given to replacing it
with one more suitable for this work. A power supply capable of
producing accurate voltage as selected, and across a wide band,
would be of particular value.
24

Current measurements proved to be difficult. It is felt that this
work would profit from an ammeter capable of automatically switching
ranges without disturbing the discharge.
The next step in this work should be the building of a closed
system where the flow constituents can be controlled. An appropriate
CO /N mixture could be used in such a system, eventually leading
" Z




















































































































































































































































































FIGURE 12. CALIBRATION OF RMS DETECTOR
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MODEL OF THE PHENOMENA
This model involves the stabilization of the electric discharge
by highly turbulent flow. It is felt that the phenomenon is brought
about by two effects, convection and mixing, these effects act as
follows:
(1) Convection
The mean flow velocity adds to the ion drift velocity.
This effect does not act on the breakdown voltage but
increases the current by speeding up the ions. Mathe-
matically, the effect may be expressed as follows:
I = pe A( Vd
+ U )
The mean velocity of- the flow simply adds to the drift
velocity.
(2) Mixing
Mixing has two effects. First, because of mixing a longer
path must be ionized for breakdown to occur. Thus the
breakdown voltage is raised. Second, mixing causes
diffusion of the space charge building up at the anode.
This diffusion reduces the charge density ( (pe ). A
critical value of the charge density exists ( P ), above
which arcing occurs. Mixing allows a Pe very close to
46

P e to exist over a larger area and thus permits an
increase in current. Mathematically the effect acting
on current can be described as follows:
Gauss' Law States:
V- E = P / £
e o




As in part one
I = ?e A ( Vd + U )
Mixing allows a larger area ( A ) and the currentm
equation becomes
I = o A ( V + U )m \ e m d





CALCULATION OF EDDY SIZE
The measured frequency of the turbulence cannot be applied
directly to the calculation of oe . Eddies, sometimes called turbulence
balls, move with the stream and thus a correction factor must be applied




d<2 rrojm \ u j
?.
Example: CJ^ - 8 kHz
V = 0. 065 volt
U = 1. 7 volt = 19. 9 m/sec
-1 2 -6
£. = (19.9) (8000) (0.065/1.7) =1.16x10 m
R = ( V $„ ) ( S> )" =1 ( Figure 21 shows the








S P = (1) ( \))/V = (16.88x10 )(2.49) =2.07x10 m
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